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PhylogeographyThe clock-like diversiﬁcation of Rice yellow mottle virus (RYMV), a widespread RNA plant virus that infects
rice in Africa, was tested following a three-step approach with (i) an exhaustive search of recombinants,
(ii) a comprehensive assessment of the selective constraints over lineages, and (iii) a stepwise series of
tests of the molecular clock hypothesis. The ﬁrst evidence of recombination in RYMV was found in East
Africa, in the region most favorable to co-infection. RYMV evolved under a pronounced purifying selection,
but the selection pressure did vary among lineages. There was no phylogenetic evidence of transient
deleterious mutations. ORF2b, which codes for the polymerase and is the most constrained ORF, tends to
diversify clock-like. With the other ORFs and the full genome, the departure from the strict clock model
was limited. This likely reﬂects the dominant conservative selection pressure and the clock-like ﬁxation of
synonymous mutations.
© 2009 Elsevier Inc. All rights reserved.Introduction
Assessing the rates at which genomes ﬁx mutations provides
critical insights into key evolutionary mechanisms (Bromham and
Penny, 2003). For viruses, fossil records are not available and other
sources of information have been used to estimate their substitution
rates (Duffy et al., 2008; Gibbs et al., 2008a). With plant viruses, the
ﬁrst estimates were derived from host–virus co-divergence assump-
tions or biogeographical events (Block et al., 1987; Gibbs, 1999; Wu
et al., 2008). Substitution rates were later assessed in experimental
evolution by comparing sequences at different times of infection
(Stenger et al., 2002; Van derWalt et al., 2008). Phylogenetic methods
have also been applied, being used for calibration epidemiological
information (Gibbs et al., 2008b) or sequences of old isolates from
herbaria (Malmstrom et al., 2007). Since 2008, the rates of substi-
tution of several plant viruses have been estimated statistically from
dated sequences (Duffy and Holmes, 2008, 2009; Fargette et al.,
2008a; Simmons et al., 2008), as done increasingly with animal
viruses (Jenkins et al., 2002).
These methods rely on different sets of assumptions and reach
different conclusions (Gibbs et al., 2008b), but they all postulated ante).
ll rights reserved.approximately uniform rate of change over time. This is the
“molecular clock hypothesis,” i.e., a steady accumulation of genetic
changes over time (Thorne and Kishino, 2005). Even the recent
relaxed molecular clock methods which allow for limited rate
variation across lineages (Drummond and Rambault, 2007) implicitly
assumed an almost clock-like evolution. Clock-like evolution is
somewhat counter-intuitive considering the wide range of selection
pressures in virus evolution (Roossinck, 2008), which may lead to the
rejection of the clock hypothesis (Graur and Li, 2000). Recombination,
which occurs frequently with viruses, may be another cause of clock
perturbation (Schierup and Hein, 2000; Posada, 2001). Overall, there
are many reasons why the clock assumption may be incorrect, yet it
may sometimes be almost valid (Thorne and Kishino, 2005). Recent
developments have helped to test the clock hypothesis and to assess
the degree of deviation from a strict clock evolution (Lemey and
Posada, 2009).
Accordingly, we tested the extent to which the diversiﬁcation of
Rice yellow mottle virus (RYMV) was clock-like in relation to the
evolutionary forces which determine the genetic structure of its
populations. A three-step approach was followed with (i) an
exhaustive search for recombinants, (ii) a comprehensive assessment
of the selective constraints over lineages, (iii) a stepwise series of tests
of the molecular clock hypothesis. RYMV, which is transmitted by
contact and by beetles, infects cultivated rice and a few related wild
species of Oryza in Africa where it frequently causes major epidemics
165A. Pinel-Galzi et al. / Virology 394 (2009) 164–172(Traoré et al., 2009). RYMV belongs to the genus Sobemovirus and has
four ORFs (Fargette et al., 2004; Hull and Fargette, 2005). ORF1, which
is located at the 5′end of the genome, encodes a small protein
involved in virus movement and in suppressing gene silencing. ORF2,
which encodes the central polyprotein, has two overlapping ORFs.
ORF2a encodes a serine protease and a viral genome-linked protein.
ORF2b, which is translated through a 1-ribosomal frameshift mecha-
nism as a fusion protein, encodes the RNA-dependent RNA polymer-
ase (RdRp). ORF4 is translated from the subgenomic RNA at the 3′ end
of the genome and encodes the coat protein (CP). Dated sequences of
ORF4were used to estimate the rate of substitution of RYMV (Fargette
et al., 2008a).
Eastern Tanzania, the area where the most widely divergent
strains co-exist (Abubakar et al., 2003; Traoré et al., 2005), is the
region where recombination of RYMV, if it occurs, is most likely to be
detected. However, earlier analyses failed to reveal recombinants
(Fargette et al., 2004). Accordingly, new surveys were conducted in
eastern Tanzania, and additional isolates were sequenced. The survey
was also completed to cover all rice-producing regions of Africa, from
Senegambia (15°W, 15°N) to Madagascar (50°E, 25°S), i.e., along a
West to East transect of ca. 8500 km. Then, recombinant events were
sought in a representative sample of full-length sequences. A
systematic analysis of the selection forces imposed on the different
ORFs was performed on a recombinant-free data set. The selection
pressure was assessed by estimating the ratios of nonsynonymous to
synonymous substitutions among lineages. Finally, we determined onFig. 1. Phylogeography of RYMV. (left) Map of Africa. The dotted lines indicate the geogra
boundaries encompass most of the rice cultivation area in sub-Saharan Africa. The names of t
Faso (BF), Cameroon (Ca), Chad (Ch), Côte d'Ivoire (CI),The Gambia (Ga), Ghana (Gh), Guine
(SL), Togo (Tg), Tanzania (Tz), Uganda (Ug). Eastern Tanzania is framed and shaded. (right)
RYMV. The name of the strains are boxed and located close to their basal node (S1-w, S1-
asterisks. The names and taxonomic position of the 27 isolates, representative of the geogra
Tanzania is framed and shaded.the full genome and for each ORF the extent to which evolution was
clock-like. Firstly, the global and local clock models were tested.
Secondly, the degree of deviation from the clock hypothesis was
assessed. Thirdly, the lineage-speciﬁc rates were estimated. Altogeth-
er, it was found that recombination events and variation of selection
pressure contributed to the evolution of RYMV. Nevertheless,
deviation from a strict clock diversiﬁcation was limited. It likely
reﬂects the dominant conservative selection and the clock-like
ﬁxation of synonymous mutations.
Results
Recombination events
The strains have been ﬁrst deﬁned on the basis of the ORF4
sequences. They have a speciﬁc geographic basis. Isolates of East
Africa belong to S5, S6 and S4 strains (Fig. 1). Full sequencing reveals
that S4 strains (S4-lv, Lake Victoria; S4-lm, lake Malawi; S4-mg,
Madagascar) and all strains of west and central Africa (S1-w, S1-c, Sa,
S2, S3) belong to the same phylogenetic group (Fig. 2). The basal split
with S5 and S6 strains is further delineated by a “molecular signature”
made of an indel polymorphism. The insertion of an amino acid, at
position 19 of the ORF4 in a zone which overlaps with the C terminal
part of ORF2b, is shared by all strains, but the S6 strain. The other
insertion of an amino acid, at position 60 of the ORF4, is shared only by
the S5 and S6 strains.phical limit of the region within which the 332 RYMV isolates were collected. These
he 17 countries of origin of the isolates are abbreviated as followed: Benin (Be), Burkina
a (Gu), Kenya (Ke), Mali (Ma), Madagascar (Mg), Niger (Ng), Nigeria (Ni), Sierra Leone
Unrooted phylogenetic tree inferred from the sequences of the ORF4 of 332 isolates of
c, S2-S3-Sa, S4, S5, S6). Strong bootstrap support (N70%) of the strains is indicated by
phic distribution and genetic diversity selected to be fully sequenced are given. Eastern
Fig. 2. Phylogeny of RYMV and recombination events. Phylogenetic tree inferred from the full sequences of 27 isolates representative of the genetic diversity and geographic
distribution of RYMV. The tree is rooted at the position which minimizes the deviation from the clock hypothesis. Strong bootstrap support of the nodes (N70%) is indicated
(italicized letters). Isolates involved in potential recombination events are boxed. Recombination events I and II are indicated by brace brackets and located on the sketch map of the
genomic organization (inset).
166 A. Pinel-Galzi et al. / Virology 394 (2009) 164–172The unrooted phylogenetic tree reconstructed from the 332 ORF4
sequences displays the three main characteristics of RYMV variability
(Fig. 1). The diversity is high (up to 17% nt in uncorrected pairwise
distances), spatially structured (different strains in East, West and
Central Africa) and unevenly distributed (imbalance between East
and West Africa). Four major phylogeographic patterns are distin-
guished. In the forest part of West Africa (S2 strain), there is a low
variation (2.5% nt in uncorrected distances between isolates BF1 and
CI63 in the full genome) and no geographic clustering of the diversity.
In the savannah part of West Africa (S1-w strain), there is a higher
variability (5.6% between isolates CI4 and Ma10) and a spatial basis to
the variation. In West-Central Africa (S1-c strain), there is a similar
variability (6.3% between isolates Nia and Ng18) and a more
pronounced localization of the diversity. Eastern Tanzania is the
only region which harbored the S5 and S6 isolates and several S4-lm
isolates. It combines the highest diversity (8.8% between isolates Tz3
and Tz11) and a full spatial mixing of isolates of different strains.
Eastern Tanzania extends over an area of 900×100–300 km from
the Kenyan to the Mozambique borders and includes the islands of
Zanzibar and Pemba (Fig. 1). Eastward, it is limited by the IndianOcean, and westward by the Eastern Arc Mountains. These mountains
reaching 2000 m above sea level together with a high altitude plateau
(1200 m) run along the Tanzanian and Kenyan coasts and separate
eastern Tanzania from the rest of the country. A large proportion of
the viral diversity is concentrated in eastern Tanzania (Fig. 1). This is
even more apparent after the latest surveys, which revealed new
clusters of isolates with overlapping geographical distributions. By
contrast, new isolates from West and Central Africa belonged to
already recorded strains, with the notable exception of isolates from
Gambia (Ga4), to the extreme west of Africa, which fell within a
distinct cluster (Figs. 1 and 2). Isolates from eastern Tanzania included
178 of the 240 parsimony informative sites (74%) of the ORF4
sequences of the 332 isolates collected all over Africa. Fig. 1 indicates
that the 27 isolates selected to be fully sequenced are representative
of the geographic distribution and of the genetic diversity of RYMV.
The sequences of the ORF4 of the 27 reference isolates include 158 of
the 240 (66%) parsimony-informative sites of the 332 isolates. This
means that two thirds of the parsimony-informative sites are in the 27
reference sequences. Consequently, most of the diversity of RYMV has
been encapsulated within this data set. The 27 reference sequences
167A. Pinel-Galzi et al. / Virology 394 (2009) 164–172include eight sequences from eastern Tanzania with six S6 isolates
(Fig. 2).
The previous search for RYMV recombinants, conducted on 16
sequences, including three sequences from eastern Tanzania and only
one S6 isolate (Tz11), was unsuccessful (Fargette et al., 2004). This
result is conﬁrmed here as no recombination signal was detected by
the PHI test (PN0.01). By contrast, analysis of the 27 full sequences
with the PHI test showed evidence of recombination (P=0.004). The
recombinant isolates originated exclusively in eastern Tanzania and
belonged to S6 strains (Fig. 2). No recombination event was detected
between isolates from other regions and between isolates from
different regions. Two recombination events were found, which
involved short fragments of 300 and 350 nt, respectively (Fig. 2). One
event, detected by four methods with probabilities ranging from
2.7×10−3 for GENCONV to 7.0×10−4 for RDP, involved isolates
Tz127, Tz202 and Tz209. The putative recombinant was a fragment of
300 nt encompassing the intergenic region between ORF1 and ORF2a
and the 5′ end of ORF2a (Fig. 2). The other recombination event,
detected by ﬁve methods with probabilities ranging from 1.2×10v3
for MAXCHI to 6.1×10−4 for SISCAN, involved isolates Ke12, Tz11 and
Tz202. The putative 350-nt-long recombinant segment matches the
untranslated 5′ end of the genome. The ﬁrst recombination event was
between isolates of the same cluster, whereas the second recombi-
nation event involved isolates of two different clusters.
No recombination signal was detected by the PHI test after
removing isolates Tz11, Tz127 and Tz209 from the set of 27 sequences
(P=0.18). By excluding these three isolates, a mostly recombinant-
free data set was set. The 24 isolates are representative of the
geographic distribution and genetic diversity of RYMV. It was then
used in selection pressure and clock tests (see below). Similarly, no
recombination was detected after excluding isolates Ke12, Tz127 and
Tz209 (P=0.08). Recombination was not detected in any of the ORFs
analyzed individually. This was further tested on the full data set of
ORF4 sequences. No evidence of recombination was found by any of
the seven RDP3 methods in the 76 ORF4 sequences of the S6 strain.
Similarly, no recombinant was detected in the 131 ORF4 sequences of
the S1-w strain, and in the 49 ORF4 sequences of the S1-c strain.
Altogether, no recombination was detected in the whole ORF4 data
set.
The genetic distances between the recombinants, found in eastern
Tanzania, are similar to those observed between isolates of different
strains in West or Central Africa, where recombinants were not
detected (Fig. 2). Most strains in West and Central Africa are localized
spatially whereas those in eastern Tanzania have an overlapping
geographical distribution. This suggests that the prevalence and the
detection of recombination events are dependent on RYMV phylo-
geography. This hypothesis is supported by a detailed analysis of the
situation in eastern Tanzania. Recombination events involved S6
isolates only, although S4 or S5 isolates also occur in eastern Tanzania.
The S5 strain, represented by the Tz3 isolate, is notable. It has an
intermediate phylogenetic position and a unique indel polymorphism
combining the ‘molecular signature’ amino acids of the S4 and S6
strains. However, no recombination event was found between isolate
Tz3 and S4 or S6 isolates. Actually, in eastern Tanzania the S6 isolates
are in an overwhelming majority (N85%) and have a widely mixed
geographical distribution. By contrast, S4 and S5 isolates are in a
minority and occur at only few sites. In particular, S5 isolates are
conﬁned to a single location, along the Udzungwa mountains of
eastern Tanzania. Thus, the high prevalence and the wide distribution
of S6 isolates are likely to explain why recombination exclusively
involves isolates of this strain.
Lineage-speciﬁc selective pressures
The phylogenetic tree was rooted with an outgroup species and
under the molecular clock hypothesis. Imperata yellow mottle virus(IYMV) is the sobemovirus most closely related to RYMV (Sérémé
et al., 2008). Like RYMV, it originates from sub-Saharan Africa and
infects only monocotyledonous plants. A basal split between East
African strains and other strains is obtained using IYMV as an
outgroup. A similar rooting was found under the molecular clock
model, either by applying a midpoint rooting or by selecting the
topology with least deviation from the strict clock model. The SH test
indicates that the topology of the trees inferred from the ORFs differed
signiﬁcantly from that of the full genome (Pb0.01), with the notable
exception of ORF2b (P=0.12; Fig. 3). When the full data set of 27
sequences was considered, the tree topology of the full genome and of
the ORF2b did not differ either (P=0.07). Some incongruences
between ORFs are found in branches with low bootstrap support,
reﬂecting the lack of phylogenetic signal (Fig. 3). Other incongruences
occurred between well-supported branches. Within a recombinant-
free data set, such incongruences could reﬂect a variation of selective
pressure among lineages and between ORFs.
The selection pressure was calculated on each ORF from the data
set made of 24 recombinant-free isolates. All regions of the genome
were subjected to strong purifying selection (Table 1). Between 85%
and 97% of the changes were synonymous, depending on the ORF.
ORF2b was under the most constrained selection pressure (ω=0.03)
and ORF1 the least (ω=0.18), a six-fold difference. Moreover, ORF2b
also had the lowest number of sites under positive selection, and the
highest proportion of codons under negative selection. Branch-
speciﬁc analysis showed variable strength of selection among
branches and genomic regions. Branch-speciﬁc ω values were
grouped in three negative selection categories: (i) strong (ωb0.1),
(ii) moderate (0.1bωb0.4), and (iii) weak (0.4bωb1). A large
proportion of branches evolved under a strong negative selection. In
particular, in ORF2b, 91% of the brancheswere under a strong negative
selection, and the remaining 9% were under a moderate negative
selection constraint. In contrast, a substantial proportion of branches
in ORF1, ORF2a and ORF4 evolved under a weak selective constraint
with a dN/dS ratioN0.40 (Table 1).
It was noticed that with the ORF4 sequences of RYMV, in contrast
to most virus genes, the dN/dS of external branches was not higher
than that of internal branches (Pybus et al., 2007; Supplementary
Table S1). This is conﬁrmed in our study on a more representative
ORF4 data set and on sequences devoid of the ORF2b-ORF4 over-
lapping region. Similarly, in the other ORFs, the dN/dS ratios of
external branches were not higher than those of internal branches
(Table 1). Except for ORF1, they were even lower, although the
differences were not signiﬁcant (PN0.05 with the unpaired Student’s
t-test). So, there was no phylogenetic evidence of transient delete-
rious mutations for RYMV. No lineage was under positive selection
(dN/dSN1). However, few sites were under positive selection,
including the position 49 of the VPg within the ORF2a. The
polymorphism at this position was associated with the contrasted
abilities of strains to break the high resistance encoded by an eIF(iso)
4G gene (Pinel-Galzi et al., 2007).
Molecular clock
Based on the 24 recombinant-free sequences, the strict molecular
clock hypothesis was rejected for the full genome, and also for ORF1
and ORF2a (Table 2). On 27 sequences, the strict molecular clock was
also violated in the ORF4. By contrast, the global clock model was not
rejected for ORF2b on either the 24- or 27-sequence data set. In
ORF2b, N95% of the substitutions are synonymous. Consistently, the
global clock model in ORF1 was not rejected (at P=0.01) on
synonymous substitutions, whereas it was violated on nonsynon-
ymous ones. Altogether, the synonymous substitutions tend to
diversify clock-like. The local clock test indicated that the clock
hypothesis was violated for several branches (Fig. 3). Nevertheless,
the root-to-tip test shows that the degree of deviation from the strict
Fig. 3. Phylogeny of RYMV andmolecular clock. Phylogenetic trees inferred from the sequences of the full genome (left) and of each ORF of 24 recombinant-free isolates. These isolates are representative of the genetic diversity and geographic
distribution of RYMV. Strong bootstrap support of the nodes (N70%) is indicated (italicized letters). The SH test indicates that the topology of the trees of all ORFs – other than ORF2b – differed signiﬁcantly from that of the full genome (see
text). Deviation from the global clock model is signiﬁcant for the full genome, ORF1 and ORF2a. Asterisks indicate the branches with signiﬁcant deviation from the local clock model.
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Table 1
Number of sites under positive and negative selection and branch-speciﬁc selective pressures of the different ORFs of RYMV.
Genomic region Lengtha Number of sites Branches
dN/dSN1b dN/dSb1b Classesc Alld Externald Internald
ORF1 157 2 47 0.03 (40%) 0.18 0.19 0.17
0.15 (33%)
0.43 (27%)
ORF2a 495 7 120 0.01 (22%) 0.11 0.08 0.14
0.04 (33%)
0.12 (31%)
0.42 (14%)
ORF2b 339 1 103 0.01 (62%) 0.03 0.02 0.05
0.05 (29%)
0.17 (9%)
ORF4 186 5 51 0.01 (33%) 0.16 0.13 0.19
0.13 (42%)
0.43 (24%)
a Number of codons. The overlapping regions of ORF2a, ORF2b and ORF4 were removed.
b Identiﬁed by the IFEL method.
c dN/dS class ratios for nonsynonymous to synonymous substitution rates; the proportion of branches assigned to each class is indicated in parenthesis.
d Average dN/dS for external, internal and all branches.
169A. Pinel-Galzi et al. / Virology 394 (2009) 164–172clock model was low, regardless of the ORF (CV≤0.22), and the least
pronounced on the full genome and on the ORF2b (Table 2). The
deviation from the strict clock hypothesis, calculated on the data set of
332 ORF4 sequences, was limited also: CV=0.14 (data not shown).
The log-relaxed clock model had a higher likelihood than the strict
model on the full-length sequences and on the sequences of each ORF
(log10(BF)N1.3; Table 2). The coefﬁcient of variation of the lineage-
speciﬁc rates was low irrespective of the portion of the genome
considered (CV≤0.21). This is consistent with the limited deviation
from the strict clock model found in the root-to-tip clock tests. In
these analyses, the 24 reference isolates were treated as contempo-
rary. Actually, similar conclusions were obtained when their dates of
isolation were considered. The log-relax model again provided a
better ﬁt than the strict clock model regardless of the ORF, and the
coefﬁcient of variation of the rates among lineages was low (data not
shown).
The rate of evolution of ORF4 was estimated from 332 isolates
collected between 1966 and 2008 in 17 countries of Africa. The
uncorrelated log-relaxed model had a higher likelihood than the
strict clock model (log10(BF)=101). The average rate was 7.8×10−4
substitutions per site per year, with a 95% credibility interval of
5.7×10−4 to 10.1×10−4. This is only 25% higher than the rate of
5.7×10−4 substitutions per site per year with a credibility interval of
4.4×10−4 to 6.9×10−4 obtained under the strict clock model. The
rates of themain branches of themaximumclade credibility tree range
from 5×10−4 to 17×10−4 substitutions per site per year (Fig. 4).Table 2
Tests of molecular clock evolution applied to different genomic regions of RYMV.
Genomic region Lengtha nt diversityb Molecular clock tests
Nested likelihood
Globalc Locald
Full genome 4450 0.07 Pb0.001 3
ORF1 474 0.10 0.001 0
ORF2a 1818 0.05 0.02 5
ORF2b 1515 0.06 NS –
ORF4 720 0.08 NS –
a Number of nucleotides.
b Average number of differences of nucleotides per site between two sequences.
c Signiﬁcance of the difference of likelihoods of trees with and without clock constraints
d Number of branches for which the molecular clock was rejected.
e Ratio of the standard deviation to the mean for the root-to-tip distances.
f Marginal likelihoods of the strict and relaxed clock models, Bayes Factor (log10), and coThere was no evidence of correlation of the rates between ascents and
descents. There was no evidence either that the rate variation had a
regional or a strain basis. The only exception is the rapid evolution of
the short branches leading to the S1-c strain. Altogether, the
uncorrelated relaxed clock model of evolution is appropriate to
estimate the rate of evolution of RYMV.
Discussion
This study shows that recombination events and variable selec-
tion pressures contribute to RYMV evolution, but reveals that RYMV
diversiﬁcation was nevertheless almost clock-like. Explanations for
this paradox are proposed. The ﬁrst evidence of recombination of a
sobemovirus species is provided. The prevalence and the detection
of recombination events are closely dependent on RYMV phylogeo-
graphy. No recombination occurred between isolates from different
geographic regions. Within regions, three situations are distin-
guished. In the forest part of West Africa, a low genetic variability
prevails. Recombination was not detected, possibly because, if it
occurs, it will remain silent genetically. In the savannah part of
West Africa and in Central Africa, the diversity is higher and has a
spatial distribution. No recombination was detected in these regions
either, presumably because there are few opportunities for co-
infection of plants by different strains. Recombination events were
detected only in eastern Tanzania. This region combines the highest
diversity and a fully mixed spatial distribution of the strains (TraoréRoot-to-tip Strict and log-relaxed clock models
CVe Marginal likelihood log10 BF CVf
Strict Relaxed
0.10 −20234.7 −20223.6 11.1 0.18
0.22 −2592.7 −2591.2 1.5 0.20
0.15 −7156.1 −7153.6 2.5 0.15
0.14 −6136.6 −6134.4 2.2 0.20
0.18 −3521.5 −3519.9 1.6 0.21
.
efﬁcient of variation of the branch-speciﬁc rates.
Fig. 4. Lineage-speciﬁc rate of evolution. Rates of evolution (×10−4 substitutions per
site per year) of the main branches of a maximum clade credibility tree inferred from
the sequences of the ORF4 of 332 RYMV isolates collected between 1966 and 2008
under an uncorrelated lognormal relaxed clock model. High posterior probability of the
branches (N0.70) is indicated (italic letters). The terminal branches are collapsed and
the relevant strain or reference isolate are indicated.
170 A. Pinel-Galzi et al. / Virology 394 (2009) 164–172et al., 2005). Eastern Tanzania, the putative center of origin of RYMV
(Fargette et al., 2004), is also the region with the longest history of
co-existence of the strains. Altogether, eastern Tanzania is a
favorable environment for co-infection and subsequently for
recombination. Rather than west or central African isolates being
less genetically predisposed to recombine with one another, the
results suggest that the Tanzanian isolates have more opportunities
to recombine and the recombinant events are more easily detected.
This recombination study has three implications in molecular
dating. First, recombination was not detected within ORF4 and sub-
sequently does not bias the estimates of the substitution rate of
RYMV based on dated ORF4 sequences (Fargette et al., 2008a).
Second, recombination was not found in ORF2b either, and so does
not interfere which the calibration of the phylogeny of sobemo-
viruses using the polymerase sequences (Fargette et al., 2008b).
Third, it was possible to set up a mostly recombinant-free data set of
24 full sequences, representative of the geographic distribution and
genetic diversity of RYMV. It was used to explore the range of
selection pressure and the validity of the molecular clock. Actually,
the conclusions on the selection forces and on clock-like diversiﬁca-
tion did not differ when inferred from the 27 full sequences, which
include recombinant events (data not shown). This likely reﬂects
that, for RYMV, the number of recombinants was low, the
recombinant fragments were short, and occurred on terminal
branches of the phylogeny.The topologies of the ORFs differed from that of the full genome,
with the notable exception of ORF2b. These conﬂicting topologies,
inferred from a recombinant-free data set, likely reﬂect the variable
selection pressure among lineages and between ORFs. Recently,
incongruent topologies between genes of human rhinoviruses were
also attributed to different evolutionary history rather than to recom-
bination (Lewis-Rogers et al., 2009). RYMV evolved under an overall
conservative selection pressure, ORF2b coding for the polymerase
being the most constrained. However, the selection pressure varied
widely among lineages regardless of the ORF. Congruent tree topo-
logies inferred from the full genome and the ORF2b are noteworthy.
On ORF2b, the large majority of substitution is synonymous and tends
to diversify clock-like. On the full genome, the range of selection
pressure imposed on the different lineages and ORFs may be averaged
out. The east-to-west scenario of dispersion of RYMV across Africa
(Fargette et al., 2004, 2006) is best supported by tree topologies
inferred from sequences of the full genome and of ORF2b. During this
dispersal, RYMV has encountered a large range of environmental
conditions, cultural practices, wild and cultivated hosts, and vectors.
The variable range of selective pressure among lineages may reﬂect
adaptation to these different environments. However, strain distri-
bution was not linked to pathogeny, host species or agro-ecology
(Traoré et al., 2005).
The difﬁculty in extrapolating estimates of substitution rates
from short to long-term scenarios was underlined (Ho et al., 2005).
For viruses, this bias was attributed to transient deleterious muta-
tions which are not eliminated during short-term periods, and result
in inﬂated long-term rates of evolution. This hypothesis was consis-
tent with the higher dN/dS ratios of external vs. internal branches in
a wide range of animal and plant viruses (Pybus et al., 2007).
However, the ORFs of RYMV are notable exceptions to this rule.
Subsequently, this bias should not apply to studies where the age of
RYMV was extrapolated to estimate the age of related viruses
(Fargette et al., 2008b).
There is a consistent indication that ORF2b is less subjected to
departure from the molecular clock than any other parts of the
genome. Therefore, the relevance of ORF4 for assessing the rate of
evolution of RYMV (Fargette et al., 2008a) is questionable. Actually
two reasons dictated the choice of ORF4 for molecular dating. It was
postulated that the highly variable ORF4 was more appropriate than
the conserved ORF2b to capture subtle genetic differences between
closely related isolates collected only a few years apart. Further-
more, ORF4 is transcribed from a subgenomic RNA. Consequently, it
is easier to amplify ORF4 than any other part of the genome. This
was critical when amplifying the RNA of old samples. In several
instances, it was possible to amplify ORF4 sequences although the
isolate was no longer infectious.
The strict-clock hypothesis was rejected, with the notable
exception of ORF2b. Variation in selection pressure among lineages
of RYMV is a likely cause of clock violation. However, all tests
consistently indicate that the deviation from a strict clock behavior
was limited, and the more constrained the ORF, the more clock-
like its diversiﬁcation. In RYMV, the synonymous mutations tend to
be ﬁxed clock-like. This was apparent through the clock-like
evolution of ORF2b in which over 95% of the substitutions are
synonymous. This was also found with ORF1 sequences, as the
global clock model was rejected on the nonsynonymous changes
but not on the synonymous ones. Overall, RYMV diversiﬁcation
was almost clock-like, which reﬂects the dominant conservative
selection pressure, and the clock-like ﬁxation of the synonymous
mutations.
Rates of evolution of animal and human viruses are increasingly
being estimated from heterochronous sequences (Jenkins et al.,
2002), and applied in epidemiological, evolutionary and forensic
studies. These implicitly assumed that virus diversiﬁcation is overall
clock-like. Our study shows that this assumption is justiﬁed with
171A. Pinel-Galzi et al. / Virology 394 (2009) 164–172the RNA plant virus RYMV and indicates that it is a consequence of
the conservative selection pressure imposed on the genome. As
strong conservative selection pressure is a trait shared by most
plant (Garcia-Arenal et al., 2001) and animal viruses (Holmes,
2008), clock-like diversiﬁcation may be a general trend of virus
evolution. Accordingly, for viruses also, “the convenience of the
molecular clock assumption may outweigh its weakness” (Thorne
and Kishino, 2005).
Materials and Methods
Phylogenetic analyses
The ORF4 of 332 isolates collected from 17 countries in Africa
between 1966 and 2008 was sequenced in this or earlier studies
(Supplementary Table S1). On this basis, a set of 27 isolates
representative of the geographic distribution and genetic diversity
of RYMV was fully sequenced (Supplementary Table S1). The
sequences were aligned using CLUSTAL X with default parameters
(Thompson et al., 1994). The diversity index (PI), which is the average
number of differences in nucleotides per site between two sequences,
was calculated using DNAsp (http://www.ub.es/dnasp/; Librado and
Rozas, 2009). A model selection procedure (Posada and Crandall,
1998) accessed through the Datamonkey interface (http://www.
datamonkey.org) was run to select the best ﬁt model of nucleotide
substitution. It sifts all 203 possible time-reversible models through a
hierarchical testing procedure combining nested LRT tests with AIC
selection. The General Reversible Model with a rate variation and an
invariant rate class (GTR+ I+ T4model) provided the best ﬁt. For the
full genome and for each ORF, the maximum-likelihood (ML)
phylogenetic tree was inferred using the PHYML package (Guindon
and Gascuel, 2003; Guindon et al., 2005; http://atgc.lirmm.fr/phyml/
). To assess the reliability of key nodes on each tree, a bootstrap
resampling procedure was used with 100 replicate trees estimated
under the ML substitution model. Topology comparisons were
performed using the one-tailed Shimodaira-Hasegawa (SH) test
(Shimodaira and Hasegawa, 1999) with restricted likelihood as
applied in PAUP⁎ (Swofford, 2000). Ten thousand replicates were
performed using the SH topology test by resampling the partial
likelihoods of each site (RELL model).
Detection of recombinants
The pairwise homoplasy test (PHI test) was used to detect evi-
dence of recombination events in a set of aligned sequences (Bruen
et al., 2006). This test measures the signiﬁcance of the phylogenetic
discrepancy across sites in an alignment and yields a P-value. The PHI
test is particularly efﬁcient to detect, with a low false positive rate,
the presence/absence of recombination within a wide range of
sequence divergence. The PHI test is available in SplitsTree4 package
(http://www-ab.informatik.uni-tuebingen.de/software/splitstree4;
Huson and Bryant, 2006). When evidence for recombination was
found with the PHI test (Pb0.01), the recombinant sequences were
identiﬁed and the recombination breakpoints delineated with the
RDP3 package (http://darwin.uvigo.es/rdp/rdp.html; Martin et al.,
2005a). RDP3 incorporates seven methods: BOOTSCAN (Martin et al.,
2005b), CHIMAERA (Posada and Crandall, 2001), GENECONV
(Padidam et al., 1999), MAXCHI (Maynard Smith, 1992), RDP
(Martin and Rybicki, 2000), SISCAN (Gibbs et al., 2000), and 3SEQ
(Boni et al., 2007). The events detected by more than two methods
with default values were retained. The putative recombinant isolates
were then removed successively from the data set until no evidence
for recombination was found with the PHI test. This recombinant-
free data set was used subsequently to explore the selective pres-
sures imposed on the genome and to test the clock-like evolution of
RYMV.Selection branches
The ratio of non-synonymous (dN) to synonymous substitution
(dS) per site, dN/dS (ω), provides a measure of selection pressure
at the protein level. For each ORF, we investigated whether
selection pressure varied among lineages, i.e., over time. The
codon-based genetic algorithm GA-Branch method was applied. It
partitioned all branches of the phylogeny into groups according to
their dN/dS ratios. It identiﬁed models with variable numbers of ω
categories that ﬁtted the data better than the single ratio (all
lineages evolving at an equal ω) or the fully saturated models (each
lineage evolves at different ω). A dN/dS higher on external than on
internal branches was interpreted as a phylogenetic evidence of
transient deleterious mutations (Pybus et al., 2007). So, within each
ORF of RYMV, the dN/dS ratios of the external and the internal
branches were compared. For each ORF, the numbers of positively
and negatively selected sites were also estimated using the Internal
Fixed Effects Likelihood (IFEL) method. The GA-Branch and the IFEL
methods are available in the HYPHY package (Pond et al., 2005)
through the Datamonkey interface (http://www.datamonkey.org).
With ORF2a, ORF2b and ORF4, only the non-overlapping regions
were considered. Since dN and dS estimates are sensitive to
recombination (Anisimova et al., 2003), a set of recombinant-free
isolates was analysed.
Molecular clock
Recombination events may bias and add uncertainty to the
estimates (Schierup and Hein, 2000), so only recombinant-free
isolates were considered in clock tests. The analyses were run on the
sequences of the full genome and then on each ORF separately. A
three-step approach was applied to study the molecular clock
hypothesis. Firstly, the global clock model was tested by comparing
the likelihood of the nested trees with and without clock constraint
(Yang, 2006). The tree was rooted at the position that was most
compatible with the assumption of the molecular clock. When the
global clock model was rejected, the local clock model was tested on
each branch. Every subtree of the given tree was subjected to the
clock constraint while the rest of the tree remained free of such
constraint. The branches which violated the molecular clock were
recorded. The global and local molecular clock tests are available in
HYPHY (Pond et al., 2005).
Secondly, the recently developed Path-O-Gen software was
applied to investigate the temporal signal and the ‘clock-likeness’
of RYMV phylogenies, referred to as the ‘root-to-tip’ test (http://
tree.bio.ed.ac.uk/software/pathogen). It roots the tree at the
position that is the most compatible with the clock assumption.
The distance from the tree's ancestral root to each of the terminal
branch tips was assessed. The coefﬁcient of variation (i.e., the
standard deviation to the mean ratio of the distances) was taken as
an indication of how clock-like the evolution was, the lower the
coefﬁcient, the more clock-like the evolution.
Thirdly, the marginal likelihoods of the strict and of the uncorre-
lated lognormal-relaxed clock models were compared within a
Bayesian coalescent framework by a Markov Chain Monte Carlo
(MCMC) method using the Bayesian Evolutionary Analysis by
Sampling Trees program BEAST (http://beast.bio.ed.ac.uk; Drum-
mond and Rambault, 2007), again utilizing the GTR+ I+ T4model of
nucleotide substitution. To select the best-ﬁtting model, the Bayes
Factors (log10(BF)) were calculated from the marginal likelihoods of
competingmodels using Tracer 1.4 (http://beast.bio.ed.ac.uk/Tracer).
A signiﬁcance threshold of 1.3 was set for log10(BF), whichmeans that
one model is about 20 times more likely to occur than the other
(http://beast.bio.ed.ac.uk/Model_comparison). The coefﬁcient of
variation (the standard deviation to the mean ratio of the lineage
rates) quantiﬁed the variation of the substitution rates among
172 A. Pinel-Galzi et al. / Virology 394 (2009) 164–172lineages under a relaxed clock model. Finally, the rate of evolution of
RYMV was assessed on a set of 332 ORF4 sequences (720 nt long)
collected over 43 years between 1966 and 2008. The maximum clade
credibility tree was inferred under a log-relaxed molecular clock
model. The rates of nucleotide substitution of the main branches
were assessed and compared. The simple constant population model
was selected. We checked, however, that similar conclusions were
reached with the more parameter-rich Bayesian skyline coalescent
model. The BEAST analyses were run for a sufﬁciently long time to
ensure convergence (assessed using the TRACER program) with a
‘burn-in’ of 10% of the sampled trees. All analyses were run with a
Dell Power Edge 6850 computer.
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